Abstract. Critical reagents are essential components of ligand binding assays (LBAs) and are utilized throughout the process of drug discovery, development, and post-marketing monitoring. Successful lifecycle management of LBA critical reagents minimizes assay performance problems caused by declining reagent activity and can mitigate the risk of delays during preclinical and clinical studies. Proactive reagent management assures adequate supply. It also assures that the quality of critical reagents is appropriate and consistent for the intended LBA use throughout all stages of the drug development process. This manuscript summarizes the key considerations for the generation, production, characterization, qualification, documentation, and management of critical reagents in LBAs, with recommendations for antibodies (monoclonal and polyclonal), engineered proteins, peptides, and their conjugates. Recommendations are given for each reagent type on basic and optional characterization profiles, expiration dates and storage temperatures, and investment in a knowledge database system. These recommendations represent a consensus among the authors and should be used to assist bioanalytical laboratories in the implementation of a best practices program for critical reagent life cycle management.
INTRODUCTION
Ligand binding assays (LBAs) are used at all stages of the drug development process, from discovery and candidate screening/selection to post-marketing monitoring. These bioanalytical assays are designed to support in vitro screening, product development/release, pharmacokinetic (PK), biomarker, and immunogenicity analyses. Robust and reproducible assay performance is primarily dependent on reagent quality and consistency. Critical reagents are those essential components of LBAs whose unique characteristics are crucial to assay performance and therefore require thorough characterization and documentation. Unlike other analytical technologies, such as liquid chromatography-mass spectrometry (LC-MS), LBAs require specific and unique biomolecular interactions between the critical reagents and the analyte. This feature places great importance on the structural integrity and stability of LBA reagents.
Common protein-based, chemically derived, and complex biological critical reagents can be classified into multiple categories (Table I ). This paper focuses on antibodies (monoclonal antibodies (MAbs) and polyclonal antibodies (PAbs)), engineered proteins and peptides, and their conjugates. Chemically synthesized reagents, complex biologics, solid supports, and assay biological matrices will not be addressed in this paper. Calibrators and quality controls (QCs) made from reference drug material, although key components of LBAs (1) are also not addressed in this paper. Additionally, best practices are described elsewhere for maintaining and using cell lines (2) and aptamers (3, 4) as reagents.
Critical reagents are typically produced via biological processes and thus may be inherently prone to variability as different lots are prepared. This can impact the performance of the LBA considerably. For example, cell line production changes of MAbs or other engineered protein critical reagent lots could lead to changes in impurity profiles, post-translational modifications, and altered protein primary or tertiary structure. In addition, variability in the production of PAb reagents occurs as animal immune responses mature. To address these common production issues, a risk mitigation strategy is a helpful tool to employ during all stages of a critical reagent life cycle (Table II) .
Depending on the business structure of each organization, assay methods and associated reagents may be transferred to other laboratories within the organization or externally to a CRO. Thus, the characterization, maintenance, long-term storage, inventory, and knowledge database of associated LBA critical reagents, even at early stages of drug development, are crucial (Fig. 1) . The most important benefit of a critical reagent management system is to assure successful support of analytical methods and longitudinal studies, enabling the smooth transition of assays between laboratories and timely data collection. Clearly defined responsibilities pertaining to the management of critical reagents need to be assigned in order to assure reagents are well characterized and that the supply chain, knowledge database, and inventory are appropriately maintained. Critical reagent life cycle management by the organization is crucial, whether the reagents are prepared internally or outsourced to vendors, and whether they are utilized as individual reagents of a custom assay or as part of commercial kits.
Several publications have described recommendations for LBA method validation, including methods for biomarker assays (5, 6) , PK assays (7), anti-drug antibody (ADA)/ neutralizing antibody (NAb) assays (8) (9) (10) , and flow cytometric assays (11) . However, minimal guidance is available on how to manage reagents used in these LBAs. The FDA has included reagents and solutions in their regulations on good Categories of critical reagents in bold font are discussed in this paper laboratory practice (GLP) for nonclinical laboratory studies (12), indicating that reagent and solution information should include identity, titer or concentration, storage requirements, and expiration date. The purpose of this paper is to describe best practices and provide recommendations for the life cycle management, characterization, and supply of critical reagents used in these LBA. Recommendations are made for each type of critical reagent on basic and optional characterization profiles, a range of expiration dates and storage temperatures, and investment in a knowledge database system with appropriately assigned responsibilities. The initiative to develop and publish a consensus among the authors originated from a 2009 American Association of Pharmaceutical Scientists workshop on the Twenty-First Century Bioanalytical Laboratory, sponsored by the Ligand Binding Assay Bioanalytical Focus Group. This publication is one of several articles written to build alignment across the industry on the expectations and operations of a bioanalytical laboratory. The data and examples described herein are for illustrational purposes only and may represent hypothetical, blinded, and/or modified data. Although the opinions and recommendations expressed in this paper have been broadly discussed, the authors note that the principles expressed herein may not be applicable to all critical reagents and/or LBAs. Appropriate LBA development, qualification, validation, and implementation will depend upon the specific critical reagent or LBA and the context of their use. The paper has been organized into six main areas that describe the initial generation and selection of reagents, the characterization of these reagents, the maintenance and long-term supply of critical reagents, the maintenance of LBA, the considerations for use of commercial LBA kits, and, finally, the best practices for inventory and knowledge database management.
INITIAL GENERATION AND SELECTION OF REAGENTS
To ensure that critical reagents for LBAs meet their intended purposes, early strategic discussions should address specific reagent requirements for a given therapeutic development program. The sensitivity and specificity of the LBA is influenced by the quality of specific lots of critical reagents used in the assay (13, 14) . An attempt to considerably improve LBA sensitivity may require the incorporation of alternative reagents or efforts to develop new reagents. LBA reagents generally include capture and detector reagents, positive controls for immunogenicity assays, and calibrator reagents that are needed for biomarker assay. When several types of assay formats and reagents are considered for the same application, it is advisable to initiate the generation of the different types of reagents in parallel, increasing the likelihood of obtaining optimal reagents with the appropriate and pre-specified characteristics. Conducting an appropriate risk assessment provides an opportunity to adequately balance resources and timelines.
A cost-effective and efficient strategy is to consider reagents already available for assay development, whether internally produced or from a commercial source, prior to initiating the generation of new reagents. The generation and selection of LBA reagents are determined by the objectives of the study supported by the LBA, the stage of the drug development program, potential assay formats, species of origin and type of matrices of samples to be tested, required assay sensitivity and specificity, as well as the potential need for reagent reactivity to multiple analytes, e.g., host cell protein (HCP) LBAs. Therefore, prior to initiating the generation of new reagents, key information should be gathered to understand the characteristics of the therapeutic and the requirements of the LBA. Examples of useful information to be collected include: (a) the requirements for sensitivity as well as specific and selective interactions between a reagent and the target analyte; (b) the need to reduce potential non-specific interactions with other assay components, such as heterophilic antibodies (15) (16) (17) , and their interactions in PK assays (18, 19) , biomarker assays (20, 21) , as well as in clinical diagnostic assays (22) ; (c) the need to reduce potential crossreactivity in the target sample population [e.g., rheumatoid factor, (23) (24) (25) ]; (d) the need for discrimination between analyte isoforms and its proteolytic byproducts (13) ; (e) the requirement for detecting free analytes versus those in larger complexes (26) ; and (f) detecting anti-drug antibodies bound to the therapeutic with or without treatment of the sample with acid (27) .
PAbs are typically generated in rabbits, goats, sheep, and chickens ( Fig. 2) . At a minimum, two animals should be initially immunized. However, a larger number of animals may be needed to accommodate for heavier reagent use or a higher than usual variation in animal immune response. MAbs are typically generated from immunized and fused spleen cells from mice (28-31) rats, hamsters, guinea pigs, and, more recently, rabbits (32) , though MAbs may also be selected from genomic libraries (33) (34) (35) . If purified protein antigens are unavailable or difficult to produce, genetic immunizations using cDNA have proven very useful in generating antibodies to natively expressed molecules (36) (37) (38) (39) . Non-Ab biological reagents are generated by initial cloning, followed by expression and purification (40) .
Factors that influence the immune response to the therapeutic in immunized animals are as follows: (a) the degree of sequence homology in related proteins from the animals used for immunization; in cases of high degree of homology, avian species should be considered for PAb reagents and knockout animals (if available) for MAb reagents; (b) the immunization route; (c) choice of adjuvant and frequency of injection, for example, the use of Freunds complete and incomplete adjuvants; (d) the molecular size of the immunogen; in case of molecules with <15KDa molecular weight, consider conjugation to haptens such as KLH; and (e) the presence of immunogenic epitopes on the antigens.
Common sequences and structural motifs on biotherapeutics often enable the use of common reagents across multiple LBAs, which may be advantageous when project timing is particularly critical. For instance, during early MAb therapeutic discovery programs, generic anti-IgG reagents may be used, which may later become less desirable as target-specific reagents are generated. Additionally, reagents specific to covalent modifications on a therapeutic protein may be developed, for example, a linked protein, a linker sequence, a molecular tag, a small chemical moiety, or a polyethylene glycol chain (41, 42) of varying size and complexity.
Once protein reagents are generated and purified, reagent conjugates are frequently generated by standardized methods that employ known ratios of protein to solid supports (such as beads) or molecular label reactants (such as biotin, fluorophores, or enzymes). For a newly conjugated reagent, multiple protein/label ratios should be employed and evaluated, allowing for the selection of optimal conditions to be used, one eventually being selected for larger scale production. To assure reproducibility among lots, excess reactants (e.g., free molecular label) should be removed from the product and ratios of labeled components to protein reagent should be determined.
Critical Reagent Screening Strategies
Prior to reagent generation, designing an assay format similar to the intended LBA can be an effective screening tool to rank reagents for required attributes. Various assay formats and platforms can be used to screen for appropriate reagents. At a minimum, screening methods must be used to demonstrate that core requirements of the reagents are met. Several examples of screening methods include: (a) an assessment of binding of the reagent to the analyte in the absence and presence of its ligand (26); (b) for HCP impurity assays, screening polyclonal anti-HCP antibodies may include Western blot analyses to ensure that antibody reagents demonstrate a good breadth of coverage of the spectrum of proteins present in the calibration standard; (c) for neutralizing activity assays, a simplified screening assay includes the therapeutic and target and would detect this activity and distinguish these reagents from non-neutralizing antibodies. Consider platforms that provide multiplexing capabilities or label-free measurements to leverage the ability to identify appropriately compatible reagents in a LBA format.
Small amounts (1-5 mg) of each of the reagents selected during the screening process are sufficient for the BA laboratory to assess reagent pairing, neutralizing activity, different LBA formats, and/or possibly different LBA platforms.
Critical Reagent Quantities
Once selection has been made for the reagent to be used in a LBA, a larger scale lot is produced. The amount to be produced depends on the anticipated usage, the duration of a program, the program decision points, and the number of studies to be supported. While it would be preferable to have sufficient material generated to reduce the need for multiple reagent lots, this should be balanced with the required timing of the assay development activities and the knowledge of reagent stability and reproducibility. This bulk critical reagent should be made in sufficient quantities for use in the LBA and for subsequent comparability studies with future lots.
Considerations for Outsourcing Critical Reagent Generation and Supply
Outsourcing reagent generation activities to a vendor is often necessary and may include some or all of the steps described above. Successful partnerships require clear communication, conflict resolution, and critical thinking skills. It is important to understand the supplier practices and capabilities prior to vendor selection (43, 44) . Use of questionnaires, audits, or site visits provide valuable information. With a new supplier, it may be prudent to consider undertaking a pilot reagent preparation project prior to entrusting a pivotal or large scale project to the laboratory.
Critical Reagent Cell Lines
The sources of the majority of critical reagents are cell lines generated from cloned hybridoma cells or transfected cell lines expressing recombinant engineered proteins. To ensure the continued supply and quality of critical reagents, it is vital to carefully manage the generation, storage, and documentation of master and/or working stocks of cell lines (1).
CRITICAL REAGENT CHARACTERIZATION
In this section, characterization refers to the process of identifying physico-chemical attributes of reagents. Critical Generation and characterization of critical reagents. Purification and conjugation (dotted boxes) processes generate lot specific reagents with unique identifiers (diamond). Initial characterization of generated reagents (hatched diamonds) includes the full characterization profile, subsequent reagents (open diamonds) may undergo characterization according to the organizations practices and procedures. Bulk reagents may be manipulated further, including thawing from frozen or diluting then re-aliquoting and re-freezing. Handling manipulations are documented, and new designations may be assigned, though the original source lot number is either maintained or cross-referenced in the inventory and knowledge database reagents must possess the appropriate characteristics to meet LBA parameters of sensitivity, specificity, and reproducibility. Whether the assay is quantitative (e.g., PK or biomarker assays) or quasi-quantitative (e.g., immunogenicity assays), these assay parameters are essential to assure optimal performance over time. Examples of critical reagent characteristics and their relevance to assay parameters are presented in Table III , with recommended basic and optional characterization profiles indicated for each reagent type.
Based on the characterization data generated across multiple lots of reagents, along with the LBA performance data collected over time, a core set of requisite physico-chemical attributes should be assigned to a particular critical reagent. These important characteristics provide the means to: (a) guide the generation of reagents and screen different lots that may be qualified for use in an assay; (b) identify root causes of assay performance problems; and (c) determine when a reagent is deteriorating and must be replaced.
Sensitivity of a quantitative assay refers to the lowest amount of analyte in a sample which can be reliably quantified with acceptable precision and accuracy. Reagent attributes that play a role in assay sensitivity include Ab titer (corresponds to reagent molecular interactions or neutralizing activity), potency (corresponds to reagent function), and binding activity (corresponds to affinity and/or avidity). Specificity is characterized by the ability of reagents (and the assay) to differentiate the analyte of interest from endogenous components in the matrix or other components in the sample. Reagent attributes that impact assay specificity include cross-reactivity, which may be caused by structural and functional homology of the analyte to biological components, and non-specific binding (e.g., due to reagent and matrix incompatibilities). Studies undertaken with critical reagents that lack appropriate specificity in LBAs may lead to inappropriate or erroneous conclusions (45) and demonstrates the importance of characterization early in a program.
Reproducibility (precision) describes the closeness of repeated individual measures of analyte. Reagent attributes that impact assay reproducibility include physico-chemical parameters of the protein such as molecular weight (glycoslyation levels and isoforms), pI, isotype, structure, aggregation, stability, and source (generation, purification, and modification processes). These physico-chemical parameters also may be impacted by formulation and storage conditions.
Recommended Characterization Profile of Critical Reagents
During the early discovery and lead optimization phase of a therapeutic program, it is generally acceptable to apply a fit-forpurpose approach to assay sensitivity and specificity. When assays are validated for IND-enabling studies, the focus should be to maximize reagent quality and the reproducibility of method performance among different lots of critical reagents. As assays are transitioned into human matrices, a strategy should be defined to ensure the assay remains fit-for-purpose across the often lengthy clinical program and subsequent post-marketing phase. Once assay reagents are used in a clinical (and postmarketing) setting, further improvement in assay reproducibility may be needed to meet greater demands.
A basic characterization profile is recommended for each reagent type (Table III) and includes the assessment of concentration, binding activity, aggregation, purity level, and molecular weight. While a high level of purity of a protein reagent may not be needed at the early stages of drug development, some level of purification may be applied to reduce the impact of impurities, which can vary from lot-to-lot and may affect reagent stability during long-term storage. The purity of protein reagents is critical when they are used to coat a solid support or if they are to be conjugated to molecular labels (e.g., biotin, ruthenium chelate, or HRP). Therefore, once a protein reagent is purified, it is recommended that methods such (46, 47) . Orthogonal methods, such as SPR or bioassays, can also be very helpful to assure that the reagent is functioning as expected. However, it is important to note that reagent physico-chemical characterization results are not always predictive of functional properties, such as sensitivity and specificity, in the chosen assay format. In these cases, the functional assessment should be used as the final lot-release criteria for the critical reagent.
As drug development progresses, it may be helpful to express MAb reagents in a well-characterized stable mammalian cell line to assure long-term genetic stability and greater consistency across reagent lots. Optional characterization parameters to assure consistent, high-performing lots of critical reagents include: determining levels of protein A in a reagent that has been purified using a protein A column; bovine IgG levels from tissue culture expansion; and levels of residual HCP, in cases when this may contribute to interferences in LBAs.
Vendor laboratories may provide a baseline level of reagent characterization followed by further physico-chemical characterization and qualification performed at the requesting laboratory. Beyond the basic level of physico-chemical characterization of the reagent performed at the point of initial generation and first use in the LBA, more extensive characterization may not need to be repeated, particularly if the reagent is performing appropriately in the assay.
Five different examples of critical reagent characterization profiles are given in Electronic supplementary material S1, with the corresponding effect on LBA performance.
CRITICAL REAGENT MAINTENANCE Formulation of Critical Reagents
Critical reagents are produced and stored as bulk lots in their most concentrated liquid form. Proteins may degrade via chemical (e.g., oxidation or deamidation) (48) (49) (50) or physical (e.g., aggregation or misfolding) means (51) . High pH formulations can accelerate deamidation processes, and thus, neutral pH formulation buffers are recommended, unless data suggest otherwise. Aggregation is the most common form of protein alteration reported for reagents. Aggregate levels should be monitored, for example, by SECs described in Table III. Formulation buffers used for storage of critical reagents may impact reagent stability. For example, during freezing and thawing, the local pH of PBS drops, which could impact the stability and function of the stored reagent in the LBA (29, 52) . Addition of preservatives (e.g., azide, KATHON™, Proclin® or thimersol) can slow microbial growth when reagents are stored under non-sterile conditions. However, the use of specific preservatives may not be allowed due to environmental hazards (e.g., mercurials). Stabilizers can be added (e.g., BSA, gelatin) to act as carrier proteins and minimize non-specific adsorption of reagents. Cryoprotectant additives (e.g., glycerol or sucrose) can be incorporated into formulation buffers to minimize effects of freeze/thaw. While all of these additives often have predefined shelf-lives, these dates cannot be used to estimate reagent expiration date. Furthermore, additives should be chosen with caution because some additives are incompatible with reagents and other assay components (e.g., sodium azide is not compatible with the use of HRP conjugates).
Assignment of Critical Reagent Expiration
The initial expiration or re-evaluation date of the critical reagent is given from the date of production, purification, or conjugation. Recommended examples of expiration dates for bulk and concentrated preparations of critical reagent types are shown in Table IV . These are recommended ranges of expiration dates and storage temperatures that are based on experience and organizations use in their best practices. Certainly, exceptions for each reagent type will occur that can be identified by monitoring the LBA performance and potentially re-evaluating the expiration date and/or storage temperature of each reagent. When bulk critical reagent lots are diluted to generate working stocks for the LBA, storage temperatures may remain the same whereas the expiration date may be set for an earlier date than that of the bulk critical reagent, following the organizational best practices. Expiration date extension for a critical reagent is possible by confirming the reagent still meets assay performance criteria with no observable trends predicting reagent failure and is monitored during the extension. There are various strategies employed to extend expiration dates; some laboratories use archived reagents that meet the established assay acceptance criteria as comparators; others use trending information of assay performance to justify continued use of a critical reagent; others prefer to apply statistical tools to experimental data in order to determine the appropriate expiration date. Regardless of the approach taken, expiration date re-assignment should be well documented and justified. Unexpected performance of an assay, independent of reagent expiration date, should prompt an investigation and possible re-evaluation of reagents.
Critical Reagent Storage Considerations
Recommended storage temperatures for each reagent type are described in Table IV . Other storage considerations include: (a) preparation of single-use aliquots that can reduce the impact of freeze/thaw damage and potential for contamination and (b) the use of temperature alarm systems and an uninterrupted power supply with generator back-up for refrigerators and freezers, both invaluable for ensuring proper storage conditions of the reagents at all times.
Critical Reagent Stability
In most BA laboratories, acceptable performance of a LBA over time is indicative of a critical reagent's functional stability. However, orthogonal basic or extended physicochemical characterization(s) methods are essential to associate physical reagent parameter(s) with functional performance in the LBA, and the data can assist in the determination of causal relationships of reagent instability (53) .
Qualification of LBA Critical Reagents Lots
Requirements for critical reagent qualification (and requalification) are dependent on the purpose of the LBA, the platform and technology employed in the assay, the molecular nature of the reagent, and the function of that reagent in the assay. As lots of critical reagents are depleted, or as they approach a pre-determined re-qualification date, it is essential to demonstrate that critical reagents continue to perform appropriately in the assay. The performance of the LBA, once wellestablished, serves as the primary baseline for critical reagent qualification. The new lot must meet a clear set of assay performance criteria that are established a priori, well documented, and scientifically driven. A noteworthy risk to point out is of "assay drift", where a consistent bias could result in a very different assay mean being established over time (54) . It is therefore important to adhere to the original assay acceptance criteria, which may mitigate this risk.
The level of evaluation of new reagent lots is also dependent on the extent of the change to generate the new lot. Examples of minor and major changes to critical reagents are given in Table V with suggested approaches for evaluation that are related to the magnitude of change.
Long-Term Supply of Critical Reagents
The life span of an LBA is generally dependent on the stage of the program, ranging typically from 6 weeks to 6 months in the preclinical stage, 6 months to 5 years during the clinical development stage, and possibly as long as 20+ years to support post-marketing commitments and drug manufacturing. During the time span of drug development and study support, it is possible that the LBA may be transferred to different laboratories within the same organization, externally, domestic, or internationally. Thus, planning for and ensuring a continuous supply of critical reagents for multiple users and over the lifespan of the assay is a challenging endeavor. Critical reagents are often prepared, inventoried, and managed in large lots. Inventory management for long-term supply is greatly aided by the use of forecasting tools, including end-user surveys, processes for monitoring usage, or inventory queue systems where re-order is triggered when a pre-set threshold quantity is reached. All of these reagent management tools should factor in lead time for process steps, such as re-immunizations (for PAbs), expression, purification, and conjugation as well as reagent qualifications.
An additional challenge to maintaining a long-term reagent supply is the increased use of portfolio-specific processes for method development, which results in the same reagent used between several LBA. Examples are: the use of PAb critical reagents for HCP LBAs supporting multiple drug development programs; the common capture or detector reagent used in multiple LBAs for PK or Biomarker support; and the positive control antibody used in ADA and NAb immunogenicity assays. In these situations, a best practice is to identify users and continuously assess their usage needs, adjusting reagents production accordingly.
LIGAND BINDING ASSAY MAINTENANCE
A variety of changes in critical reagent sources and LBA controls are likely to occur throughout the life span of a LBA. Over time, unexpected challenges may be encountered that could necessitate LBA re-validation with new reagent(s), such as a commercially available reagent being discontinued, accelerated reagent usage, unforeseen catastrophic loss of a reagent, or LBA performance shifts due to an unpredicted reagent stability failure. The types of assay maintenance challenges should be anticipated so that risks can be mitigated through appropriate planning and resource management. Common practices used to track assay performance and how this information may be used to monitor the performance of reagents in the method are described here.
Ligand Binding Assay Performance Tracking and Trending
Tracking and trending LBA performance in an analytical laboratory is essential for ensuring that data are comparable between runs over time. Regulatory guidance (55) and industry white papers (7,10) recommend inclusion of LBA QC samples in analytical runs to ensure the reliability of data generated.
The use of an appropriately designed and routinely monitored quality control program accelerates the detection of trends in the data that may include, among other factors, a systematic bias between different reagent lot preparations, evidence of reagent degradation, and equipment failures, which will lead to the need for an investigation. LBA trending data may also be used to support the extension of critical reagent expiration date as long as enough reagent stability-indicating information exists to draw a relevant conclusion.
The most basic method to monitor assay performance is to plot QCs' and the assay's background signal data over time. If employed, this approach may provide additional data and information to that derived from the use of the QC samples accuracy data alone. This approach can be applied to quantitative methods such as those designed for PK, biomarker, or HCP measurements, for quasi-quantitative assays, such as those used for immunogenicity assessments, as well as for qualitative assays (9, 10) . Monitoring reagent performance can be based on the use of a binary outcome of the positive and negative controls (qualitative assays only) for run acceptance (56) .
There are several software packages that can be utilized for tracking and trending analyses. These include Microsoft Excel, SAS-JMP, Westgard QC Validator, and various LIMS applications. Limits are predefined using the QC rules that are appropriate for the assay type (7,10) and should be identified on the graphical charts.
Ideally, a QC chart (or another form of a bioanalytical quality summary) may be included in a final data package for completed analyses supporting a given study. Whether sample testing is conducted by a laboratory internal or external to the organization, specifications for the number and types of failures during sample testing that trigger notification by the testing laboratory should be set early on (e.g., QC chart parameters, number of consecutive run failures, etc.).
CONSIDERATIONS FOR USING COMMERCIAL LIGAND BINDING ASSAY KITS
Commercial LBA kits provide the convenience of purchasing a set of reagents that have been paired in a LBA format, tested to produce reproducible results in specified matrices, and contain consistent and readily available supply of critical reagents. The use of bioanalytical kits from commercial sources requires selection, planning, and anticipation of study timelines. Commercial LBA kits may range from research grade to in vitro diagnostic kits (57, 58) ; the latter are provided with quality assurance, though for a limited context which may not be applicable to other testing conditions. The level of qualification of the LBA reagent and kit performed by the sponsor may vary. Furthermore, the proprietary nature of some kit reagents makes assessment and management of assay performance parameters an empirical exercise.
Commercially produced kits may be susceptible to vendor supply problems or kit discontinuation, which are magnified if the supplier is the sole producer (59) . Common considerations to mitigate the risks associated with use of commercial LBA kits are: (a) assessing in advance the ability of manufacturers to ensure a consistent supply of the desired reagents; (b) ideally, identifying a comparable kit (if available) from a secondary manufacturer; (c) assessing multiple lots of kits from vendor(s) to ensure consistent results over a long period of time; (d) if possible, securing a large purchase of a single kit lot to support the length of a study prior to its start; (e) negotiating customization of individual reagents, e.g., dilution buffer, detection reagents for purchase; and (f) developing a plan with the vendor to allow early testing of new kit lots.
Changes in kit lots may not include a corresponding change in reagent lots. Although measures are usually taken to assure consistent kit quality and performance by the vendor, the nature of the changes from one kit lot to another is not always transparent to the consumer. Vendors should provide documentation of changes in reagent lot specifications or processes on the kit inserts. Vendors should have a quality notification process to rapidly notify customers of defects (e.g., instability of components, failure to meet specifications) in kits or additional information generated regarding kit performance over time. Ideally, this information should be available electronically and/ or a recall notification should be sent electronically.
CRITCAL REAGENT INVENTORY AND KNOWLEDGE DATABASE
A well-managed inventory and knowledge database can greatly facilitate the supply and monitoring of critical reagents, assuring assay consistency throughout the life cycle of a therapeutic program (60) . While a reagent inventory system is used to capture critical reagent availability as well as tracking usage (or "burn rates"), a knowledge database is used to provide a reference tool to guide its use and application. It is not crucial that they be integrated since they are related but are used for different purposes. The critical reagent inventory describes the source of the critical reagent, the quantity, and the physical location of the reagent. It may also capture the shipment and receipt of reagents which can be used to gauge reagent supply and demand, usage trends, predictions, and the identity of high use requestors. In contrast, the knowledge database is viewed as a repository of disparate information, somewhat analogous to a catalog where bioanalytical users can identify if a suitable type of critical reagent may be available and useful for a particular assay.
Depending on the business needs, accessibility to the inventory and/or knowledge database systems can be limited to a single group or encompass multiple departments, but does not have to serve as a raw data source, and therefore validation of the management tool is not required.
Critical Reagent Inventory
The variety of inventories used to manage critical reagents range from manual paper processes to sophisticated searchable electronic databases that can be used remotely, can cross-reference information, and send E-mail communications. Examples of commercial inventory systems include: Freezerworks (Lynnwood, MA), Bellhawk® (Millbury, MA), Mosaic from Titian (London, UK), and other laboratory information management system (LIMS). These inventory systems provide the ability to manage long-term storage of critical reagents in aliquots and/or bulk amounts. Key attributes for an inventory system include: ease of querying and retrieving information (and the reagent), as well as automated trigger points to request a resupply of a critical reagent or a re-issue of documentation. Restricted access to critical reagents in the inventory (but not necessarily the knowledge database) may be necessary when reagents are either rare (i.e., difficult to replace), have been dedicated to a study, or are yet untested, before they are catalogued and available for request. Some of the more sophisticated inventory systems incorporate information about the requestor and bioanalytical laboratory, with the advantage of enabling follow-up, if new information becomes available for a particular critical reagent.
The naming convention of critical reagents in the inventory can be challenging because of the large number of gene and protein synonyms, variant spellings, idiosyncratic names, and species differences (61) . However, consistency in reagent naming conventions (either by electronic drop down boxes or internal codes) is crucial for the effective utility of any inventory system.
An inventory system may be physically located and managed from a single area (centralized) or located in multiple laboratories and managed locally (dispersed). A centralized inventory has the advantage of clear responsibilities and associated resources, whereby all reagent generation groups and end-users have a single point of contact. Depending on the size and need of the organization, consideration of a dispersed inventory system may be appropriate. The responsibility for marshalling a resupply order can reside with the end-user, laboratories manager, or a specialized critical reagents operations individual or coordinator.
Critical Reagent Knowledge Database
The purpose of the knowledge database is to consolidate, into a unified location, scientific information on a single lot or multiple lots of a critical reagent that is often widely dispersed or known only by a limited number of individuals. Types of knowledge database systems range from laboratory notebooks to multi-functional LIMS systems with EXCEL spreadsheets or Access databases serving as alternate intermediary approaches. The knowledge database should minimally include: a characterization summary document, descriptions of methods of generation of the critical reagent, ideally contain, or have links to reagent qualification data as well as historical assay performance (trending) information, although these data sets may be in different spaces (Table VI) .
The source lots of the critical reagent should also be catalogued, to ensure traceability. Such reagent sources include the polyclonal antibody serum that the critical reagent is purified from, or a purified protein source that is then conjugated to become the critical reagent.
The reagent knowledge database represents a continuum of data collated over the development and in-study phases of the reagent's lifespan. It begins with formal documentation that captures the unique generation methodology of each critical reagent. For antibody reagents, this information should include details for the immunogen and immunization procedure, as well as purification and formulation conditions and, for engineered proteins, the expression system, cell line, culture, harvest, purification, and formulation conditions. As scientific understanding of the reagent increases, relevant physico-chemical characterizations of each production lot and LBA results from reagent qualification experiments should be documented in the database and serve as a foundation for creation of the lot-specific batch record. The knowledge database should be updated as new production or characterization information becomes available, as such documentation serves as a benchmark for desired attributes of new lots. External suppliers of reagents usually provide documentation of reagent characterization data which should be included in the knowledge database. However, it may be important to request additional data from the supplier or to conduct additional experiments if outstanding questions about reagent attributes exist. An accessible knowledge database provides improved efficiency in accessing the reagent information, reducing the likelihood of using valuable resources for needless experiments and duplicate reagent generation efforts. Without it, data-driven decision processes could be compromised. While it is recognized that the constraints on resources vary in bioanalytical laboratories and are based on business needs, it is highly recommended to invest resources in a knowledge database system and assign appropriate responsibilities for managing the quality and consistency of entries.
SUMMARY
The immense resources and costs associated with drug development and the integrated use of LBAs to support studies and decision making during all its phases places LBA critical reagents as a high-impact asset of the organization. At the Twenty-First Century Bioanalytical Laboratory Workshop 2009, a parallel analogy was made to the phrase: "to enjoy world class wine-start with world class grapes", where critical reagents (the grapes) are the source for developing a world class and successful LBA (the wine).
Historically, more attention has been given to these assets when issues related to critical reagent stability, depletion, changes in production processes, or unforeseen catastrophes arise. Even in some organizations that have expertise in protein expression and purification, resources are not allocated for applying this expertise to supply of critical reagents, due to the complexities of critical reagent's life cycle management. Critical reagents have often been a proverbial "hot potato", where responsibility for critical reagent generation and management are ill-defined.
It is the bioanalytical laboratory that remains invariably dependent on quality and quantity of critical reagents as tools to develop and maintain LBA. We therefore recommend investing attention and resources into the critical reagent work stream which will benefit the organization by saving time during vital studies, whether early in discovery or conducting post-marketing commitments. Paying attention to the characteristics of a critical reagent by lot secures and ensures reproducibility and performance of the LBA. Therefore, appropriate resources (personnel, equipment, and expertise) should be allocated to the generation and selection of critical ligand binding reagents.
Once reagents have been selected and their use in a LBA has been initiated, the importance of the knowledge database systems increases considerably.
In the ultimate Twenty-First Century BA laboratory: critical reagents would be generated in shorter time periods and characterization data files could be located and viewed electronically; an integrated critical reagent inventory system would track use and automate resupply requests and stock refills; integrating the in-house critical reagent knowledge database system with information on performance of the LBA would assist global compliance and harmonization efforts with health authorities and regulatory agencies; the LBA community could be served by a global reagent knowledge database system cataloguing information on the performance of a critical reagent in a LBA and thus minimizing duplicative efforts in selecting commercial reagents; industry consortium would enable access to a common target reagent or platform critical reagents; harmonized critical reagent characterization documents would simplify locating information and identifying when data is missing; and global shipping documents for reagents would allow seamless international shipping activities. While this would be an idyllic scenario, there is still a lot of work to be done. However, these areas should be pursued to integrate and leverage parallel technological advances as they become available, locally, regionally, and globally.
